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Oculomotor-plant dynamics are not well characterised, despite their importance for modelling eye-movement control. We ana-
lysed the time course of the globes return after horizontal displacements in three rhesus monkeys lightly anaesthetised with keta-
mine. The eye-position traces were well ﬁtted by a sum of four exponentials (time constants 0.012, 0.099, 0.46, 7.8 s). The two long
time-constant terms accounted for 25% of plant compliance, and led to a model that accounted for hitherto unexplained features of
ocular motoneuron ﬁring such as (i) hysteresis, and (ii) the inability of a 2 time-constant model to ﬁt data for both fast and slow eye-
movements.
 2005 Elsevier Ltd. All rights reserved.
Abbreviations: EOM extraocular muscle; OMN ocular motoneuron; TC time constant
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Eye movements are produced by neural commands
acting on the tissues of the extraocular muscles (EOMs)
and the globe. For convenience, these tissues are to-
gether referred to as the oculomotor plant, a term from
control theory to denote that which is controlled. Cha-
racterising the dynamics of the oculomotor plant is a
necessary ﬁrst step for deciphering the neural commands
that control eye movements. For example, the move-
ment-related ﬁring patterns of ocular motoneurons
(OMNs) can only be understood by reference to plant0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2005.01.005
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E-mail address: p.dean@sheﬃeld.ac.uk (P. Dean).dynamics (Cullen, Galiana, & Sylvestre, 2000; Del-
gado-Garcia, Del Pozo, & Baker, 1986; Fuchs, Scudder,
& Kaneko, 1988; Keller, 1981; Ling, Fuchs, & Phillips,
1999; Ramachandran & Lisberger, 2003; Stahl & Simp-
son, 1995; Sylvestre & Cullen, 1999, 2002). Moreover, a
description of the plant is required for any quantitative
model of eye-movement control (e.g. Blazquez, Hirata,
Heiney, Green, & Highstein, 2003; Enderle, Blanchard,
& Bronzino, 1999; Galiana, 1990; Hirata & Highstein,
2001; Leung, Suh, & Kettner, 2000; Scudder, Kaneko,
& Fuchs, 2002; Van Gisbergen & Van Opstal, 1989),
and is central to those models that speciﬁcally address
how eye-velocity commands are translated into motor
commands by taking into account the mechanics of
the plant (Dean, Porrill, & Stone, 2002; Goldstein &
Robinson, 1984; Gomi et al., 1998; Optican & Miles,
1985; Skavenski & Robinson, 1973; Takemura, Inoue,
Gomi, Kawato, &Kawano, 2001;Yamamoto,Kobayashi,
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although most of the above studies concern horizontal
eye movements, recent investigations of orbital tissue
anatomy have drawn particular attention to the impor-
tance of plant dynamics for understanding the neural
control of eye movements in three dimensions (e.g.
Angelaki & Hess, 2004; Demer, 2002; Porrill, Warren,
& Dean, 2003).
Surprisingly, this widespread use of plant descrip-
tions appears to be based on remarkably few actual
measurements. The qualitative mechanics of the oculo-
motor plant were ﬁrst described by Robinson (1964),
who found that its inertia was of minor importance
compared with its viscosity and elasticity, and that its
passive viscoelastic characteristics could be approxi-
mated by Voigt elements in series (Fig. 1A). A Voigt ele-
ment consists of a viscosity (c) and elasticity (k) in
parallel, and its return motion after release from dis-
placement is an exponential curve with a time constant
(TC) of c/k (see Appendix A). Conveniently, Voigt ele-
ments in series generate a release motion that is a linear
combination of exponential curves, the TC of each curve
being the TC of the individual element (Fig. 1B). Thus,
important characteristics of the oculomotor plant can be
estimated from measurements of its behaviour when re-
leased from displacement. Nonetheless, despite the
availability of this method, it has been used very spar-
ingly to make direct measurements of oculomotor plant
mechanics. In Robinsons original study release trajecto-
ries were recorded, but appeared to be ‘‘made up of a
distribution of time constants which cannot be resolved
at this degree of recording accuracy’’ (Robinson, 1964,
p. 251). The characteristics of the passive plant (twoFig. 1. (A) Schematic of eyeball (right) attached to orbital wall (left) by two V
viscous element (c1,c2). The lengths (x1,x2) of the Voigt elements are deﬁned
(i.e., eye rotation) from rest is associated with a change in length x = x1 +
TC = 0.1 s (c1 = 0.05 gf/deg s
1) and the second TC = 1 s (c2 = 0.5 gf/deg s
1)
reached equilibrium, then released. Shown are the instantaneous lengths o
(hatched line) to determine eye position (total), here measured as the fractio
almost all the movement for the ﬁrst 0.3 s: subsequently, the contribution oVoigt elements with TCs of 0.012 and 0.285 s) were in-
stead derived from a complex model (Robinson, 1964,
Fig. 5) that included the active elements of the extraoc-
ular muscles, and was subsequently assessed by its
author as ‘‘very elementary’’ and designed to emphasise
qualitative features of plant mechanics (Robinson, 1981,
p. 35). Implementation of this model in fact gives release
TCs for the system as a whole of 0.060 and 0.299 s (and
a pair of complex poles with an associated TC of 0.005 s:
unpublished results).
There have been four studies that report actual mea-
surements of release TCs. A single eye-position trace
was shown by Collins (1971, Fig. 28) to illustrate the re-
lease time course of the human globe (with horizontal
recti detached). According to the ﬁgure legend this trace
could be ﬁtted by two exponential curves with TCs of
0.02 and 1 s. In a study of rhesus monkeys, Keller and
Robinson (1971) attached a contact lens to one eye,
and used it to rotate that eye while the animal was ﬁxat-
ing on a target with the other, un-occluded, eye. The re-
turn movements could be approximated by a single
exponential with a TC of 0.095 s (Keller & Robinson,
1971, p. 912). Pola and Robinson (1978) mention the ef-
fects of stimulating the medial longitudinal fasciculus
with brief suprathreshold pulse trains. The eye ‘‘re-
turned to near its original position with an exponen-
tial-like movement with an average time constant of
about 68 ms’’ (p. 251). Finally, Seidman, Leigh, Tom-
sak, Grant, and DellOsso (1995) estimated release
TCs in human subjects after abduction or torsional dis-
placement. Although ‘‘a more complex model contain-
ing two time constants might more accurately describe
the response’’ (p. 681), a ﬁrst order model was suﬃcientoigt elements. Each Voigt element has an elastic element (k1,k2) and a
relative to length = 0 at the resting position. A change in eye position
x2. (B) Behaviour of model in A with k1 = k2 = 0.5 gf/deg, the ﬁrst
. The eye has been held at an arbitrary position until the Voigt elements
f two component Voigt elements (gray and black lines), which sum
n of original displacement. The short-TC element (0.1 s) accounts for
f the long-TC element (1 s) dominates.
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the vestibulo-ocular reﬂex). For abduction, the single
TC ranged in three subjects from 0.18 to 0.35 s.
It can be seen that, although there are only a few
measurement-based estimates of plant TCs, they all
manage to disagree with one other. The informal nature
of the ﬁtting techniques is probably responsible for some
of the disagreement: because TC estimation tended to be
subsidiary to the main point of the study, none of these
reports provide ﬁgures that show both ﬁtted curves and
original data points, or describe the eﬀects on ﬁtting er-
rors of varying the number of ﬁtted TCs. This lack of
systematic measurement and data-ﬁtting means that
we are not sure of the number or the values of the release
TCs for the oculomotor plant. The main consequence of
this uncertainty is that there are almost as many diﬀer-
ent plant descriptions as there are studies that use them,
whether implicitly or explicitly (see references above).
The resulting confusion particularly aﬀects studies of
ocular motoneuron (OMN) ﬁring rates. Early reports
(Keller, 1981) approximated them by
FR ¼ K/þ R d/
dt
 K/0 ð1Þ
where FR is ﬁring rate, / is eye-position, d//dt is eye
velocity, /0 is the eye-position threshold at which the
unit begins ﬁring, and K and R are constants. Although
both K and R were found to vary by more than ten-fold
between OMNs, the ratio R/K varied much less, consis-
tent with a ﬁrst order plant (single Voigt element) with
time constant R/K. However, subsequent measurements
of smooth pursuit movements over the frequency range
0.3–2.0 Hz by Fuchs et al. (1988) showed that the values
of the parameters R and K in Eq. (1) are constant only
for eye movements of a particular frequency. Diﬀerent
frequencies required diﬀerent parameters R and K in
Eq. (1). The required parameter changes were not min-
or: the value of R/K ranged from approximately
220 ms (0.3 Hz) to 75 ms (2.0 Hz). This behaviour is
incompatible with a single Voigt element, whose TC is
independent of frequency, but could be produced by
two Voigt elements in series (Fig. 1). Since the behaviour
of a two element model becomes more dominated by the
short TC element as frequency increases, it is qualita-
tively consistent with the results for OMN ﬁring rates.
In fact, Stahl and Simpson (1995) have simulated quan-
titatively the above variation of R/K with frequency
using a two Voigt element model with TCs of 57 and
369 ms. However, these are higher than the TC values
of 14–20 and 240–300 ms that have been used in two ele-
ment models for saccades (Goldstein & Reinecke, 1994;
Goldstein & Robinson, 1984; Optican & Miles, 1985),
suggesting that models with two Voigt elements will also
require diﬀerent parameters when the frequency range of
the eye-movements under consideration is extended suf-
ﬁciently. This suggestion is consistent with the results ofa recent major study that in eﬀect identiﬁed the relevant
best-ﬁt parameters for a two-element model from OMN
ﬁring rates during both slow and rapid eye movements
(Sylvestre & Cullen, 1999). No single set of parameters
could be found that described the ﬁring rates during
the two types of movement.
An important ﬁrst step in bringing order to this con-
fusion would be more systematic measurements of plant
behaviour covering the range of time scales appropriate
for both fast and slow eye movements. The present study
analysed data for the eyes return after release from an
eccentric horizontal position, originally gathered in a
study of the horizontal neural integrator (Kaneko,
1997) in rhesus monkeys. The animals were anaesthetised
with ketamine, which had two advantages: (i) it was pos-
sible to secure longer release traces than those obtained
from alert subjects (usually interrupted by a saccade
within 0.5 s), thus allowing better estimates of plant
behaviour at long (1–10 s) time scales, and (ii) insofar
as ketamine has relatively modest eﬀects on the extraoc-
ular muscle (EOM) tone, the dynamics of the plant (orbi-
tal tissue plus EOMs) may resemble those of the alert
animal (see Section 4). A novel ﬁtting procedure was
used to allow for the variability in the way the globe
was initially perturbed, and the number of ﬁtted TCs
was varied systematically and related to ﬁtting error.
The results indicated that four TCs, ranging from
approximately 0.01 to 10 s, were required to ﬁt the re-
lease trajectories, with the two longest TCs accounting
for a substantial proportion, i.e. at least 25%, of total
plant compliance (compliance is the reciprocal of stiﬀ-
ness—see Appendix A). The plausibility of these values
was then assessed by constructing the corresponding
four Voigt element plant model and showing that the
neural control signals it required were qualitatively sim-
ilar to those previously observed in a study of hysteresis
in OMN ﬁring rates (Goldstein & Robinson, 1986).2. Materials and methods
2.1. Experimental procedure
Measurements were obtained from three juvenile rhe-
sus monkeysM, R andM2 (Macaca mulatta). Two were
the animals referred to asM and R in Kaneko (1997); all
three had been implanted with a scleral search coil, a
recording chamber and stabilising lugs. The location
of the nucleus prepositus hypoglossi had been mapped
with standard extracellular electrophysiological record-
ing techniques in both M and R, but the nucleus itself
had not been injected with ibotenic acid when these mea-
surements were taken. The third animal M2 had been
implanted only and trained to track the target spot.
Following calibration of eye movements by requiring
the animals to ﬁxate targets at known eccentricities,
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(10 mg/kg). Ketamine was chosen so that the animal
would tolerate mechanical manipulation of the globe
and because it is a dissociative anaesthetic and should
thus minimise the aﬀects on normal activity level in
brainstem structures. Topical anaesthetic could not be
used because completely alert animals do not tolerate
manipulation of the globe even when it is anaesthetised.
The exact dosage was titrated to the minimum level nec-
essary to allow the animal to tolerate manipulation of
the globe. It was low enough to avoid precipitating the
vertical nystagmus that often accompanies higher doses
(e.g. 25 mg/kg). If the threshold for vertical nystagmus
was exceeded measurements were postponed until a fu-
ture session. Horizontal nystagmus was never observed.
After a suﬃcient anaesthesia level was attained, the
coiled eye was deviated manually with small forceps to
between 15 and 45 either medial or lateral in the hor-
izontal plane and abruptly released. Care was taken to
avoid vertical deviation by monitoring eye position via
the coil output. Trials were excluded if the return to rest-
ing position could be seen not to follow a smooth veloc-
ity trajectory due to the occurrence of a blink, saccade
or slow eye movement. The procedure was repeated un-
til at least 12 suitable traces were collected for each ani-
mal. Eye position was sampled at 1 kHz.2.2. Curve ﬁtting
2.2.1. Preprocessing of traces
For each animal, the resting position of the eye (in
each case lateral to the primary position) was estimated
from inspection of all the eye-position traces. Traces
that were interrupted within 400 ms of release by dis-
continuities of slope (possibly corresponding to active
components such as small saccades that are often asso-
ciated with ketamine anaesthesia) were excluded from
further analysis. Each remaining trace was ﬁtted from
the time of its maximum velocity, rather than from the
time of release. In theory these two times should coin-
cide for a pure viscoelastic system released instanta-
neously, i.e. the acceleration time should be zero.
However, in the actual traces the time from release to
peak velocity ranged from 8 to 20 ms, reﬂecting an un-
known combination of (small) globe inertia and the re-
lease time of the forceps opening. Fitting from the
time of peak velocity was an attempt to avoid these com-
plexities: its eﬀects on the estimated TCs are described in
Section 3.2.2.2. Group ﬁtting of TCs
The behaviour of the eye after release was represented
by
/ðtÞ ¼ A1e
t
T 1 þ A2e
t
T2 þ    þ Ane tT n ð2Þwhere /(t) = position of the eye (relative to the resting
position) at time t, T1 . . .Tn are TCs, and A1 . . .An are
coeﬃcients. Because the TCs Ti reﬂect intrinsic mechan-
ical properties of the system, they should remain
constant across releases, whereas the coeﬃcients Ai
depend on both the intrinsic mechanics of the system
and the manner in which it is disturbed (e.g., a rapid
pull and immediate release would produce a relatively
greater contribution from mechanical elements with
short TCs), and hence could vary from release to release
(Appendix A). This reasoning leads to a procedure for
ﬁtting in which (a) all the suitable traces for an individ-
ual animal were ﬁtted simultaneously with the same TCs
Ti, and (b) each trace was allowed its own values of the
coeﬃcients Ai, calculated to minimise the least-squares
ﬁtting error for that individual trace (see Appendix A).
2.2.3. Optimisation of TCs
The above procedure determines the coeﬃcients Ai
required for a given set of TCs Ti. With both Ai and
Ti known, the summed ﬁtting error for all an animals
traces can be calculated. The above steps thus constitute
a procedure for calculating overall ﬁtting error as a
function of the TCs Ti. Consequently, the function can
be minimised by numerical methods, in our case by
using the MATLABTM function fminunc, which uses
the Broyden–Fletcher–Goldfarb–Shanno (BFGS) algo-
rithm, a variable-metric minimisation method (Press,
Teukolsky, Vetterling, & Flannery, 1992). The function
is initialised with a plausible starting set of TCs (rou-
tinely varied to check for local minima), and returns
the TC values that minimise the summed ﬁtting error
for the designated set of traces. This nonlinear ﬁtting
method is preferable to using linear methods based on
the equation-error formulation, because the latter are
well-known to lead to unacceptable estimation bias in
the presence of noise (Ljung, 1999).
2.3. Statistical analysis
2.3.1. Principal component analysis (PCA)
An important question is whether the release data
indicate an underlying system that is well described by
a linear model. The solution of a generic stable nth-
order linear system for zero input can be expressed as
a linear combination of n exponentially decaying re-
sponses with coeﬃcients determined by the initial values
of the state variables. Hence for such a system the max-
imum possible dimensionality of a set of release curves is
n. If in addition the release position is held stable for
long enough to ensure that the state variables associated
with small TCs come to their equilibrium values, then
the observed dimensionality will be lower than n. This
means that the release curves of a low order linear sys-
tem necessarily form a set of low dimensionality. In con-
trast a set of release curves for a non-linear system will
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lease curves) if the system is allowed to come fully to
equilibrium, because the shape of the curve changes with
amplitude and in general an inﬁnite number of compo-
nents are required to describe this change in shape.
This distinction suggests that principal component
analysis, which allows measurement of the proportion
of variance in the data accounted for by each principle
component, could be a useful technique for distinguish-
ing release curves generated by linear as opposed to non-
linear systems. In practice the complications introduced
by noisy data, limited variation in initial conditions, and
small non-linearities, mean that unambiguously identi-
fying non-linearity from limited data sets is still a re-
search issue (cf. Schreiber & Schmitz, 1997). However,
very low dimensionality for the present data would indi-
cate that a low-order linear model for the underlying
system was viable, and that any non-linearities were
likely to be small.
A principal component analysis (PCA) was therefore
performed to assess the linearity of our data, and the
proportion of variance accounted for by the ﬁrst few
principal components was measured. Since PCA re-
quires traces of equal length, and the traces for each ani-
mal were in fact of diﬀering durations, either trace
length has to be set to the minimum duration trace for
each animal, or a small number of short traces must
be discarded. The compromise procedure adopted here
was to select a duration of 2.1 s for animal M (seven
traces), 1.1 s for animal M2 (seven traces) and 1.4 s for
animal R (six traces). Initial investigation suggested that
the dependent variable of the analysis, i.e., the propor-
tion of variance accounted for, was relatively insensitive
to the precise duration selected.
2.3.2. Signiﬁcance of additional TCs
The sum square (SS) ﬁtting errors for the best TC
estimates were calculated for each animal, for each num-
ber of TCs included in the ﬁtting model. The most
straightforward method of assessing the statistical sig-
niﬁcance of the reduction in SS error by the addition
of a TC, which uses the F-statistic, has problems in this
particular case. The p-values associated with the F-sta-
tistic distribution are based on the assumption that the
residual noise is independent and normally distributed.
If this is not the case, then the p-values are artefactually
low so that the test gives false positives. To check for
independence in the present data the mean autocorrela-
tions of the residuals were plotted, and these were found
to indicate the presence of structure on a 0.1–0.3 s time
scale. In an attempt to counteract this eﬀect, the data
were resampled by taking every nth point until, after ﬁt-
ting, the residual structure was no longer apparent. The
standard F-statistic was then used for the resampled
data. It is worth noting that the presence of structure
in these residuals makes it diﬃcult to estimate modelorder using other procedures from system identiﬁcation
such as Akaikes information theoretic criterion (Ljung,
1999).
2.3.3. Conﬁdence intervals of measurements
Since standard methods for estimating conﬁdence
intervals also assume that there is no patterning of the
residuals, their use is likely to lead to gross under-esti-
mation of the conﬁdence interval magnitudes in the
present case. Accordingly, the bootstrap method (Press
et al., 1992) was used to provide conﬁdence limits for
the TC estimates. In this procedure, the n traces for a
given animal were sampled with replacement to provide
500 new sets of n traces (because the sampling was with
replacement, some of the traces in any particular set
could be duplicates). The best-ﬁt TCs were estimated
for each of the 500 new sets and the conﬁdence limits
taken as the 5th and 95th percentiles of the 500 estimates.
This procedure was also applied to the coeﬃcients of the
best-ﬁt TCs. In this case, each new set of n traces pro-
vides n coeﬃcients per TC: it was the mean of these n
coeﬃcients that was taken as the value for that set. Thus,
for the coeﬃcients, conﬁdence limits were taken as the
5th and 95th percentiles of these 500 means.
2.4. Terminology
Because the globe was displaced (approximately) hor-
izontally, the resultant measurements relate to the stiﬀ-
ness and viscosity of the oculomotor plant close to the
horizontal plane alone. Unless the plant dynamics are
strictly isotropic, additional measurements for vertical
and torsional displacements would also be required for
a complete description (see Section 4). However, for
brevity in what follows, and following conventions in
other published material, this qualiﬁcation is not further
mentioned. Thus, terms such as ‘‘eye displacement’’, or
‘‘time constant’’ should be taken as referring to ‘‘hori-
zontal eye displacement’’ etc.3. Results
The characteristics of the traces accepted for ﬁtting
are summarised in Table 1. It can be seen that overall
38% of traces were discarded because of discontinu-
ities occurring shortly after release of the globe (see Sec-
tion 2), and that for each animal the amplitudes of the
eye displacements in the accepted traces had a 1.5–1.9
fold range.
3.1. Varying the number of time constants
The eﬀects of varying the number of TCs used for ﬁt-
ting are illustrated in Fig. 2 by an example from animal
R. Fig. 2A shows one of the nine traces for this animal,
Table 1
Summary of data that were analysed
Monkey # traces Time range (s) Amplitude (deg)
Min Mean Max Min Mean Max
M 11/19 (6L) 0.51 1.32 2.43 30.6 41.6 47.5
M2 12/21 (3L) 0.74 2.44 6.57 28.5 33.7 43.1
R 9/12 (4L) 0.67 1.58 3.27 20.1 31.5 37.6
The second column shows the number of traces selected for analysis, compared with the total number of traces. The ﬁgure in brackets indicates how
many traces were lateral pulls (that is, a medial return movement). The ﬁgures for the time range and amplitude refer to the selected traces.
Fig. 2. Results of ﬁtting either two or four TCs to all nine traces from animal R, illustrated here by a single representative trace. Sign convention:
medial displacements from the resting position are positive, lateral negative. (A) Best ﬁt for two TCs (0.075 s and 1.46 s), which gave an RMS ﬁtting
error of 0.27. (B) Best ﬁt for four TCs (0.0111, 0.0752, 0.452, 4.05 s), which gave an RMS ﬁtting error of 0.087.
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the same two TCs. The RMS ﬁtting error for the exam-
ple shown is 0.27. In Fig. 2B the same trace is shown
ﬁtted with four TCs (which again were identical for all
the nine traces). The ﬁt is visibly better with four TCs,
an impression conﬁrmed by the reduction in RMS ﬁtting
error to 0.087.
The eﬀects on ﬁtting errors of varying the number of
TCs are shown for all animals in Fig. 3. The left panel
(Fig. 3A) plots the sum squared ﬁtting errors against
number of TCs, starting with the original data (i.e., no
TCs ﬁtted). It can be seen that the slope of the plot ap-
pears fairly constant over the range 1–4 TCs and then
decreases noticeably. Because the ordinate of the graph
has a logarithmic scale, the roughly constant slope sug-
gests that each successive time constant reduces the ﬁt-
ting error by a constant factor. This can be seen more
clearly in the right panel (Fig. 3B), which shows the per-
cent reduction in ﬁtting error with each additional time
constant. The reduction is 80–90% for 1–4 TCs, then at
ﬁve TCs, drops to 30%.
The graphs shown in Fig. 3 suggest that four might be
a suitable number of TCs to ﬁt the present data. How-
ever, as explained in Section 2, it is not straightforwardto demonstrate that this is the case with standard statis-
tical methods. Use of the F-statistic in analysis of vari-
ance assumes that the residual ﬁtting errors are
independent, whereas for the present data the error at
time step t tended to be correlated with that at time step
t + 1. This lack of independence spuriously inﬂates the
value of the F-statistic, leading to false positives in sig-
niﬁcance levels.
Two techniques were used to try and address this is-
sue. First, the time interval over which the errors were
correlated was assessed by plotting the mean autocorre-
lation of the residual ﬁtting error for each animal. The
data were then resampled at this time interval (range
120–300 ms), and the new ﬁtting errors tested for signif-
icance. For all three animals the eﬀects of ﬁtting four
TCs were signiﬁcantly better than ﬁtting with three
TCs (F-ratios 11.5–23.8, p < 108), even though the
number of data points were reduced by a factor of
120–300. The eﬀects of subsequently ﬁtting with ﬁve
TCs were, however, signiﬁcant only for one animal
(M2, F-ratio 7.1, p < 108). Secondly, the data were sub-
jected to the bootstrapping procedure (see Section 2), in
order to assess the conﬁdence limits of each TC estimate.
This procedure indicated substantial overlap between
Fig. 3. (A) Fitting errors plotted as a function of the number of TCs used for ﬁtting. Fitting errors were calculated as the sum of squared errors for
each animals data set. The value shown for zero ﬁtted TCs corresponds to the sum square amplitude of the original data sets before ﬁtting. The plot
shows group mean and the standard error of the mean. The y-axis uses a logarithmic scale. (B) The successive reduction in ﬁtting error, expressed as a
percentage, produced by ﬁtting with each additional TC. The plot shows group mean and the standard error of the mean. The x-axis starts at one,
corresponding to the reduction in variance of the original data sets produced by ﬁtting a single TC.
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were ﬁtted (next section). We therefore selected four TCs
to ﬁt the present data sets (see Section 4).Fig. 4. Illustrates the ﬁt obtained with four TCs for the longest trace
for each animal (M, M2, R). Sign convention: medial displacements
from the resting position are positive, lateral negative.3.2. Values for four time constants
Examples of the ﬁts obtained with four TCs are given
in Fig. 4, which shows the longest traces obtained for
each animal. The ﬁts appear quite close, with the main
discrepancies tending to appear at the beginning and
end of the trace. The TCs that produced the ﬁts, to-
gether with their 95% conﬁdence limits as assessed by
the bootstrap method, are shown in Fig. 5A. It can be
seen that the three animals behaved fairly similarly, with
each having one TC around 10 ms (mean 12 ms), a sec-
ond around 100 ms (mean 99 ms), a third around 500 ms
(mean 460 ms) and a fourth much longer TC (mean
7.8 s). The conﬁdence limits suggest that the precision
of the TC estimates decreased as the magnitude of the
TC increased: thus, the two shortest TCs appeared pre-
cisely estimated from these data, whereas the estimate of
the longest TC was more uncertain. This is consistent
with the fact that the duration of the longest TC
(8 s) was substantially longer than the mean duration
of the traces used to estimate it (1.4–2.3 s, Table 1). It
is important to emphasise, however, that despite this
problem there was (as Fig. 5A shows) no overlap be-
tween the conﬁdence limits of adjacent TC estimates
for any of the three animals (see above).3.3. Values for coeﬃcients
For all three animals, the values of the coeﬃcients for
the ﬁtted exponentials were linearly related to the initialposition of the eye. The r2 values were generally high
(mean values for the three animals for each exponential,
in order of increasing TC, were 0.91, 0.95, 0.87, and
0.83), with the coeﬃcients for the longer TCs being less
Fig. 5. (A) The values for the best-ﬁt four TCs for each of the three animals, plotted on a log scale. The error bars show 95% conﬁdence limits
derived by the bootstrap method. The upper conﬁdence limit for the longest TC (rank 4) of animal R was plotted at 50 s for convenience, because its
actual value was >1012 s. (B) The values for the coeﬃcients of the best-ﬁt TCs shown in panel A. The error bars show 95% conﬁdence limits derived
by the bootstrap method (Section 2).
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duration of the traces, and the unstandardised displace-
ment procedure.
The mean values and 95% conﬁdence limits of the
coeﬃcients as derived by the bootstrap procedure are
illustrated for each animal in Fig. 5B. This ﬁgure shows
values for the coeﬃcients that have been adjusted in
two ways from those obtained by the original ﬁtting
method. First, the change in eye position between re-
lease and the time of peak velocity was added to the
coeﬃcient of the shortest TC for each trace. Because
the coeﬃcients correspond to the initial lengths of the
corresponding Voigt elements, the initial length of the
element with the shortest TC (10 ms) would otherwise
be underestimated because the early part of the trace
(also 10 ms) is not ﬁtted (see Section 2). Secondly,
for ease of comparison across animals, the values of
the coeﬃcients for a given trace were divided by their
sum. This sum corresponds to the amplitude of the ini-
tial displacement, so that the adjusted coeﬃcients were
normalised (i.e., their sum equalled one) and thus inde-
pendent of displacement amplitude. Fig. 5B indicates
that for all three animals there is a tendency for the
coeﬃcients to decrease as the length of the correspond-
ing TCs increase (mean coeﬃcient values 0.45, 0.32,
0.14, 0.095 for TC estimates in order of increasing
duration). Nonetheless, the coeﬃcients for the two lon-
gest TCs sum to 0.25. If the globe had been held long
enough for the plant to reach equilibrium, then this
value would correspond to 25% of the plants total
(Appendix A). If not, then the value of 0.25 would be
an underestimate of the compliance of the long TC ele-
ments. Thus, the present data indicate that at least 25%
of the plants total compliance resides in elements with
long TCs.3.4. Robustness of time constant estimates
The possible dependence of the TC estimates on the
methods used for ﬁtting was examined by measuring
the extent to which the estimates changed when the
methods were altered.
(i) The data were ﬁtted from the time of release, that
is, about 10–20 ms before the time of peak velocity. The
main eﬀects of this change were to double the value of
the shortest TC, to produce inconsistent eﬀects (between
animals) on the other TCs, and to double the RMS ﬁt-
ting error (median change in time constants, starting
from shortest = 91%, 11%, 2%, 3%; median change
in RMS ﬁtting error = 100%). The original method of
ﬁtting from the time of peak velocity therefore avoided
some of the problems associated both with the globes
inertia, and with release not being instantaneous (see
Section 2), without systematically biasing the longer
TC estimates.
(ii) Since other studies have typically used shorter
duration traces than those used here, we looked at the
eﬀects on TC estimates of varying maximum trace dura-
tion. Fig. 6A shows the duration of the shortest TC esti-
mate for both two and four ﬁtted TCs. It can be seen
that if four TCs are ﬁtted, then the value of the shortest
TC remains relatively stable as maximum trace duration
increases from 0.5 to 2.5 s, and is similar in all three ani-
mals. However, if only two TCs are ﬁtted, the value of
the shortest TC increases markedly over this range,
and diﬀerences in value between the three animals be-
come large. A similar pattern is observed for the second
shortest TC (Fig. 6B): in this case the increase in mean
value when only two TCs are ﬁtted is 5 fold. The ﬁgure
thus shows that values for the shortest two TCs are very
markedly aﬀected by trace duration over the range 0.5–
Fig. 6. Eﬀects of varying maximum trace duration on values of ﬁtted TCs when either two or four TCs were ﬁtted. Panel A: shortest TC, panel B:
second shortest TC. Group means and standard errors are shown.
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fected when four TCs are ﬁtted. The third shortest TC
(not shown) is also relatively stable when four TCs are
ﬁtted (from 403 ms with 0.7 s traces to 509 ms with
2.5 s traces), whereas the longest TC values are mark-
edly variable at trace durations less than 1.6 s.
(iii) Since almost all approaches to modelling the ocu-
lomotor plant assume that the system is linear, we as-
sessed the linearity of the present data by carrying out
principal component analysis (see Section 2). The ﬁrst
principal component accounted for more than 97.3–
99.4% of the variance for three animals; the ﬁrst two
principal components together accounted for >99.7%
of the variance in all three animals. This implies that, de-
spite wide diﬀerences in initial conditions, all traces
could be represented to high accuracy as a linear combi-
nation of just two components and this suggests that,
over the amplitude range investigated, the plant is
well-described as a linear system.
3.5. Properties of possible plant model
The implications of the present data for understand-
ing eye-movement control can be more easily appreci-
ated with the help of a plant model. A simple model
to generate four TCs is four Voigt elements in series
(cf. Fig. 1), but the TCs themselves do not provide the
estimates of the elements elasticity and viscosity that
are needed to build the model. This is because an ele-
ments time constant is determined by the ratio of its vis-
cosity to elasticity. The coeﬃcients of the TCs would
provide an estimate of the relative compliances of the
elements, assuming (i) the mechanical inﬂuence of the
EOMs can be neglected (see Section 4), and (ii) the sys-
tem was in equilibrium before release (see Appendix A).
These assumptions are made here, and the behaviour of
the model is illustrated in Fig. 7.Fig. 7A shows the behaviour of the model following
release after a displacement maintained for 30 s, suﬃ-
cient to allow the long TC elements to reach equilib-
rium. The subsequent position of the eye and the
contribution of the component Voigt elements are plot-
ted. The two Voigt elements with the shortest TCs have
been combined, as have the two elements with the lon-
gest TCs, and the time axis shown on a log scale, for
clarity. It can be seen that the two short TC elements
dominate behaviour for the ﬁrst 300 ms (together they
account for >90% of the change in eye position over this
period). In contrast, the longer TC elements are respon-
sible for almost all the change in eye position after
400 ms. The actual proportion of total eye-position
change that occurs after 400 ms depends on the relative
compliance of long and short TC elements. The values
used for the model were based on the assumption that
the plant in the present study was in equilibrium before
it was released: if, as is likely, the long TC elements were
not in fact given suﬃcient time to reach their equilib-
rium lengths (see above), the model will underestimate
their actual compliance.
Fig. 7B shows the commands required by the plant
model to produce saccades that return the eye to the
primary position after prolonged (3 s) eccentric ﬁxation
(see Appendix A). Immediately after a saccade the sys-
tem is not in equilibrium, since the brief (<200 ms)
saccadic pulse of force primarily extends the short
TC elements alone (cf. Fig. 7A). Prolonged eccentric
ﬁxation however allows the long TC elements time to
extend (creep). This extension must then be compen-
sated for when the system returns to primary position,
as shown in Fig. 7B. The phenomenon demonstrated
by the model is qualitatively similar to the hysteresis
found for the ﬁring rates of OMNs about 2–3 s post-
saccade, and illustrated in Fig. 2 of Goldstein and
Robinson (1986).
Fig. 7. (A) Behaviour of a four Voigt-element model, with parameters derived from the mean TCs and their coeﬃcients shown in Fig. 5. The
simulated eye has been released after a maintained (30 s) displacement. The three curves show eye position (total), the combined lengths of the
elements with the two shortest TCs (short TCs), and the combined lengths of the two longest TC elements (long TCs). All are expressed as fractions
of the original eye displacement (=1.0). (B) The commands required for a saccade to the primary position after maintained eccentric displacement for
the same plant model as in A. The eccentric eye-position (10) that preceded the saccade was maintained for 3 s, and was either in the positive (blue)
or negative (red) direction. The required commands diﬀer, depending on the direction of the preceding saccade, for several seconds after the eye has
stopped moving. This phenomenon has been termed hysteresis.
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The purpose of this study was to extend previous
descriptions of oculomotor plant dynamics by system-
atic analysis of release trajectories, over longer periods
than usually investigated. We found that the trajectories
for each of three monkeys could be ﬁtted by four expo-
nential curves, with TCs of approximately 0.01, 0.1, 1
and 10 s. These curves correspond to the behaviour of
four Voigt elements in series, and estimates of their rel-
ative compliances indicated that the two longer TC ele-
ments accounted for at least 25% of the total compliance
of the plant. These ﬁndings indicate that the dynamics of
the primate oculomotor plant need to be described over
a wide range of time scales. The behaviour of a model
derived from the estimates (shown in Fig. 7) supported
this view: the presence of long TC elements allowed it
to reproduce the qualitative pattern of OMN ﬁring ob-
served after prolonged eccentric ﬁxation (Goldstein &
Robinson, 1986). To our knowledge, this is the ﬁrst
model to do so.
The issues that arise from these ﬁndings concern (i)
methodology, (ii) the physical basis of the four Voigt
element model, and (iii) the signiﬁcance of the improved
plant description for understanding the neural control of
eye movements.
4.1. Methodological issues
4.1.1. Linearity of plant
An important aspect of the methodology used here is
the assumption that the oculomotor plant is approxi-mately linear. This assumption has often been made in
previous work on plant mechanics, sometimes without
further examination. It was assessed here by use of prin-
cipal component analysis. The outcome indicated that
the present data are consistent with a linear model, an
important ﬁnding since such models oﬀer great advanta-
ges over nonlinear models in terms of tractability and
applicability.
4.1.2. Recording technique
Eye movements were recorded with implanted scleral
search coils, which have recently been shown to alter
saccade dynamics in human subjects (Frens & Vander-
Geest, 2002). However, the eﬀects found were small
(<10%: coil inertia is 5% that of the globe), and ap-
peared to be of neural rather than mechanical origin.
A second possible problem is that the coil used in the
present study measured horizontal and vertical but not
torsional eye position, so that release trajectories might
have been aﬀected by undetected torsional displace-
ments. As stated in Section 2, care was taken to avoid
vertical deviation by monitoring coil output, and this
precaution would have restricted any torsional
contribution.
4.1.3. Globe displacement
As in previous studies, the eyeball was displaced man-
ually using forceps. A hitherto unsuspected drawback of
this method is that the eyeball may not be released
instantaneously, as suggested by the ﬁnding that the
peak velocity of the return trajectory occurred 8–20 ms
after release (a strictly viscoelastic plant produces peak
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similar eﬀects would have been observed in other studies
using manual displacement. For example, Keller and
Robinson (1971) measured return movements of the
globe in awake rhesus monkeys, after displacement by
rotation of an opaque contact lens. Our analysis of the
averaged time course of 10 returns from a 10 medial
displacement (Keller, 1971, Fig. 24) indicates that the
globe continued to accelerate until 60 ms after release,
probably due to slippage of the suction contact lens. The
present study, as far as we know, is the ﬁrst to take ac-
count of this release problem. Trajectories were ﬁtted
from the time of peak velocity, and the resulting TCs
compared with those obtained from ﬁtting from the time
of release. As indicated in Section 3, the main eﬀect of
ﬁtting from the time of release appears to be a doubling
of the value of the shortest TC, with small and unsys-
tematic eﬀects on other TCs. This comparison suggests
that failure to ﬁt from the time of peak velocity has
probably contributed to the variations in TC estimates
between previous studies and that more accurate mea-
surements of the shortest TC will require an improved
mechanical method for releasing the globe.
A second consequence of manual displacement is var-
iability. This is not a problem if it is conﬁned to the
overall amplitudes of the globe displacements, because
these are measured explicitly. Diﬃculties will arise, how-
ever, if the lengths of individual Voigt elements at the
time of release vary relative to one another from trial
to trial, since these cannot be measured directly. This
possibility, apparently not addressed in previous studies,
was allowed for here by use of a new ﬁtting method that
assumed the traces from a given animal reﬂected the
same underlying TCs, but not necessarily the same start-
ing lengths (Section 2, Appendix A). Thus, all traces
from a given animal were ﬁtted simultaneously with
the same set of exponential curves. This ﬁtting method
derives directly from the underlying assumptions of a
linear plant model, and allows estimation of TCs gener-
ated by manual (i.e., variable) globe displacements.
4.1.4. Statistical analysis and number of ﬁtted TCs
As explained in Sections 2 and 3, certain features of
the present data preclude straightforward application
of conventional statistical methods. In particular the
residual noise after ﬁtting has structure, whereas statisti-
cal methods such as the F-test assume white noise (see
Section 2). Therefore a combination of procedures was
used to arrive at the best number of TCs for ﬁtting.
(i) A very conservative hierarchical F-test, using fewer
than 1% of the original data points, still showed that the
addition of a 4th TC signiﬁcantly improved the ﬁts for
all three animals. Addition of a 5th TC, however, was
signiﬁcant for only one animal.
(ii) The error intervals of the TC estimates (as derived
by the bootstrap procedure) were well separated for fourTCs (Fig. 5A), but showed substantial overlap when ﬁve
TCs were used.
(iii) The estimates of the two shortest TCs produced
by ﬁtting four TCs were stable with respect to trace
duration over the range examined, whereas the estimates
produced by ﬁtting two TCs showed very marked
changes. The curves for two ﬁtted TCs shown in Fig.
6 are decisive evidence that the oculomotor plant cannot
be adequately characterised by two Voigt elements, and
illustrate why diﬀerent values of the TCs are needed if a
two Voigt element model is used to interpret ﬁring-rate
data for both fast and slow eye movements (see Section
1).
These ﬁndings suggest that the present data can be
adequately approximated by four TCs. The physical
interpretation of this approximation is discussed below.
4.2. Use of ketamine
Light ketamine anaesthesia allowed relatively long-
duration release trajectories, essential for investigating
the behaviour of the plant at long (1, 10 s) time scales.
However, a methodological concern is that ketamine
might have altered the plant dynamics characteristic of
the alert animal to such an extent that the present results
were misleading. Three pieces of evidence suggest that
the eﬀects of ketamine were in fact likely to have been
modest.
(i) Blanks, Volkind, Precht, and Baker (1977) con-
cluded that ‘‘the use of Ketamine anesthesia [40 mg/kg
i.p.] in our experiments had not signiﬁcantly altered
the functional state of the oculomotor system’’ (p.
392). This conclusion was based on comparison of the
modulation of abducens motoneuron discharge induced
by vestibular stimulation with that obtained in alert
cats, and is consistent with evidence that tonic EMG
activity in the cat lateral rectus muscle (King, Precht,
& Dieringer, 1978, Fig. 1) persists after ketamine
(20 mg/kg, i.m.).
(ii) Sklavos, Gandhi, Sparks, Porrill, and Dean (2002)
ﬁtted exponential curves to the return movements of the
eye after displacements produced by electrical stimula-
tion of the abducens nucleus in alert rhesus monkey.
The return trajectories were typically 200–300 ms long
before interruption by saccades, allowing two TCs to
be estimated at 23 and 103 ms. The latter is very close
to the estimates for the second shortest TC obtained
here: the former is 2· longer than the present estimate
of the shortest TC, but it may have been aﬀected by
stimulation-induced muscle activation, which required
the trajectories to be ﬁtted 40 ms after the end of
stimulation.
(iii) As mentioned in Section 3, the ﬁring rates of
OMNs show hysteresis after prolonged (2–3 s) eccen-
tric ﬁxation (Goldstein & Robinson, 1986). This qualita-
tive pattern of ﬁring is reproduced by the four-element
Fig. 8. Schematic diagram of eyeball with attached eye muscles (each represented by a single Voigt element) and orbital tissue (represented by four
Voigt elements). The arrow denotes direction of mechanical displacement.
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tained under ketamine. Thus, OMN hysteresis is indirect
evidence in favour of long-TC elements in the oculomo-
tor plant of alert animals.
In summary, therefore, it appears that the doses of
ketamine used in the present experiment resulted in
plant dynamics qualitatively similar to those found in
alert animals, in the sense of requiring a broad range
of time scales for their description. Where quantitative
comparison is possible, it appears that the shortest but
not second shortest TC may be diﬀerent in alert animals.
This issue is discussed further in the next section.4.2.1. Reﬂex eye movements
A possible artefact would be the contamination of re-
lease trajectories observed in this and previous studies
by active slow eye movements. However, in typical
experiments the head is kept ﬁxed so that vestibular
induction of eye movements is precluded, and no targets
are available for smooth pursuit. The possibility that
mechanical disturbance itself induces reﬂex eye-move-
ments was speciﬁcally investigated, and rejected, by Kel-
ler and Robinson (1971).4.3. Physical interpretation of model
The model illustrated in Fig. 7 is a simpliﬁed repre-
sentation of the underlying physical reality in at least
two respects. One is that it lumps EOMs and orbital tis-
sue together. The second is that it uses a discrete approx-
imation (in this case with four elements) to what may in
fact be a continuous distribution of viscoelastic proper-
ties. The issue of EOM properties is considered ﬁrst.
4.3.1. Contribution of EOM properties to plant dynamics
The overall mechanics of the oculomotor plant de-
pend on the properties of both orbital tissue and EOMs,
which are usually considered to act in parallel on the
globe (Fig. 8: cf. Robinson, 1964). Data from modellingand experimental studies can help separate out the con-
tributions of orbital tissue and EOMs to overall system
dynamics.
Modelling. If an EOM can be represented by a single
Voigt element, the number of release TCs for the com-
bined system is the same as that for orbital tissue alone
(Appendix A). The values of the systems release TCs are
however aﬀected by EOM stiﬀness and viscosity. For the
present study plausible values for EOM stiﬀness range
from that of passive muscle (i.e. the ketamine had a
strong anaesthetic eﬀect on muscle activation), to that
of normally activated muscle (i.e. the ketamine had no
eﬀect). These two conditions are illustrated in Fig. 9,
which plots the values of the TCs for the system as a
whole against the value of the muscle TC, for either pas-
sive (Fig. 9A) or active (Fig. 9B) muscle.
The passive condition (Fig. 9A) assumes a muscle
stiﬀness of 0.03 gf/deg around the primary position, esti-
mated from Fig. 4 of Fuchs and Luschei (1971). This
value is small compared with that of 0.45 gf/deg ob-
tained for orbital tissue from measurements with force
transducers (estimated from Fig. 7 of Miller, Bockisch,
& Pavlovski, 2002), and 3 of the 4 system TCs are little
aﬀected by muscle TC over the range illustrated. The
shortest TC does increase noticeably from its value
assuming no EOM (dark blue broken line): if the TC
for passive muscle is 0.1 s (measurements on cat lateral
rectus muscle by Collins (1971)), the increase from orbi-
tal to system TC is 40%.
In the active condition (Fig. 9B) muscle stiﬀness is as-
sumed to have a value of 0.3 gf/deg (a possibly high
value derived from measurements in humans (Collins
et al., 1991; Roberts, Eaton, & Salt, 1991; Robinson,
1981; Simonsz & Spekreise, 1996)). Now both the two
shortest TCs are clearly aﬀected. There appear to be
no direct measurements of the TC for alert EOM; the
value of 0.2 s shown in Fig. 9B is derived from model-
ling (Dean & Porrill, 2000) and from data on eye move-
ments produced by abducens stimulation (Sklavos et al.,
2002). For this value the shortest TC increases 330%,
Fig. 9. Overall system TCs for model shown in Fig. 8, plotted against the value of the eye muscle TC. Values for orbital tissue parameters were
derived from present study (Appendix A) and from an estimate of 0.45 gf/deg for steady-state orbital stiﬀness (see text). (A) System TCs with passive
muscle, here assumed to have a stiﬀness of 0.03 gf/deg. The broken lines show the values of the TCs for orbital tissue alone (not clearly visible for the
two longest TCs). The vertical line corresponds to a muscle TC of 0.1 s. (B) System TCs for muscle activity generated by ﬁxation at primary position,
here assumed to produce a stiﬀness of 0.3 gf/deg. The broken lines show the values of the TCs for orbital tissue alone. The vertical line corresponds to
a muscle TC of 0.2 s.
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values. The two longest TCs, however, are little altered.
Experimental data. Goldstein, Bockisch, and Miller
(2000) used implanted force transducers in the tendons
of primate medial and lateral rectus muscles to measure
net muscle force during saccades. Comparison of force
and eye position proﬁles indicated a two Voigt-element
plant, with values corresponding to release TCs of 6
and 66 ms. Because of the positioning of the transduc-
ers, these estimates should be for orbital tissue on its
own. However, the eye position records in the Goldstein
et al.s experiment were short (200 ms), so that charac-
terisation of orbital-tissue behaviour at long time scales
was not possible. Other, unsystematic, observations of
orbital-tissue behaviour at long time scales have pointed
to the existence of long TC elements. Robinson,
OMeara, Scott, and Collins (1969, p. 550) described
the eﬀects of an abrupt change in eye-position with the
horizontal rectus EOMs detached: ‘‘The orbital tissue
bed is also quite viscous. When the globe was rotated
quickly (by hand as before) by a small increment, the
tension rose initially to about twice the change in stea-
dy-state value and decayed with a time constant of
about 8 s. It was necessary to wait almost 15 s after each
globe rotation to be sure a new steady state had been
reached’’. Similarly, Collins (1971) recorded the move-
ments of the human globe, with medial and lateral rec-
tus muscles detached, by a photoelectric eye position
transducer which tracked the limbus of the moving
eye. The trace illustrated in Fig. 28 is said to have TCs
of 0.02 and 1 s, but 6 s after release the globe appears
to have returned by only 85% of the original displace-
ment. Such behaviour requires a mechanical componentwith a TC substantially longer than 1 s, and is in fact
consistent with a Voigt element with TC of 10 s and rel-
ative compliance of 30%.
In summary, both simulation and measurement sug-
gest that an important feature of oculomotor plant
dynamics apparent in the present ﬁndings, namely the
wide range of time scales needed for their description,
is characteristic of orbital tissue on its own. The main
eﬀect of EOM tone appears to be a lengthening of the
two shortest TCs. The precise magnitude of this length-
ening is currently uncertain, since the TC estimates for
orbital tissue alone (Goldstein et al., 2000) are at present
only available for a single animal, but qualitatively the
pattern of results suggests that EOM can be approxi-
mated by single Voigt elements with a TC of the order
of 0.1–0.2 s. If so the model shown in Fig. 7, while useful
for illustrating the eﬀects of the long TC elements,
would need the addition of elements representing the
EOMs (as in Fig. 8) for better prediction of behaviour
over short time periods.
4.3.2. Discrete approximation to continuous distribution
The viscoelastic behaviour of biological materials in
response to sudden application of force (creep) or its
removal (relaxation) is usually described in terms of a
continuous spectrum of TCs, which can be modelled
as arising from an inﬁnite set of Voigt elements (Hall,
1968). As a biological material, the oculomotor plant
is therefore likely to have such distributed viscoelastic
properties. When the contribution to the total compli-
ance of the elements with TCs between T and T + dT
is represented as D(T)dT (so that the total compliance
is
R1
0
DðT ÞdT ), the function D(T) is called the
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tion of logT, the retardation spectrum is typically
smooth and slowly varying. In these circumstances, the
continuous distribution of compliance can be well
approximated by a small number of discrete T values
spaced approximately an order of magnitude apart over
the time scale of the behaviour under investigation.
The present results, which suggest that the relaxation
behaviour of the globe over 1–10 s can be represented by
four TCs of approximately 0.01, 0.1, 1 and 10 s, is con-
sistent with this interpretation (cf. Anastasio, 1994;
Buchthal & Kaiser, 1951; Stahl & Simpson, 1995).4.4. Signiﬁcance for data interpretation and modelling
Plant models feature in many studies of the oculomo-
tor system (see Section 1). They are used, often implic-
itly, to interpret data relating neuronal ﬁring rates to
eye movements. They are also used explicitly in theoret-
ical investigations of eye-movement control. The present
ﬁndings are signiﬁcant for both applications of plant
models.4.4.1. Interpretation of neuronal ﬁring rates
Previous descriptions of the oculomotor plant have
only allowed interpretation of data on OMN ﬁring rates
for limited sets of eye movements, in particular eye-
movements made at a single frequency (Section 1). Stim-
ulating any linear system with a ﬁxed frequency sine
wave produces a sine wave output of the same fre-
quency, diﬀering from the input only in gain and phase.
Thus, no matter how complex the original system, its
behaviour in these circumstances can be mimicked by
a single Voigt element, whose two free parameters can
be used to ﬁt the observed gain and phase changes. Con-
sequently for any linear plant the ﬁring-rates of ocular
motoneurons measured at a single frequency would al-
ways be consistent with a ﬁrst-order plant model (Keller,
1981).
Characterisation of a higher order plant therefore re-
quires measurements made at diﬀerent frequencies. The
ﬁring rates of ocular motoneurons for smooth pursuit
movements over 0.3–2.0 Hz appear to be consistent with
a plant model with two Voigt-elements (Section 1).
However, the parameters of this model in turn only stay
ﬁxed for a limited range of eye movements (cf. Fig. 6);
the time constants required diﬀer from those needed
for fast (saccadic) eye-movements (Goldstein & Rei-
necke, 1994; Goldstein & Robinson, 1984; Optican &
Miles, 1985). This discrepancy has been made explicit
in a recent study that identiﬁed the relevant best-ﬁt
parameters for a two-element model from OMN ﬁring
rates during both slow and rapid eye movements (Syl-
vestre & Cullen, 1999). ‘‘We . . . found that, for a given
model, a single set of parameters could not be used todescribe neuronal ﬁring rates during both slow and ra-
pid eye movements’’ (p. 2612).
The four-element plant model derived from the mea-
surements of the present study has the potential to help
resolve this problem, because its range of time constants
covers both slow and fast movements (Fig. 7A). The
models behaviour is dominated by the two short TC ele-
ments for the ﬁrst 300 ms after disturbance because at
high frequencies the long-TC elements are eﬀectively ri-
gid so that application of force for less than 300 ms, as
in saccades, scarcely aﬀects them. Slow movements, such
as sinusoidal smooth pursuit or the vestibulo-ocular re-
ﬂex at periods longer than 300 ms (equivalent to 3 Hz)
will, in contrast, engage the long TC elements. Thus, a
quantitative model of both fast and slow eye movements
must contain both fast and slow TC elements.
The scope of the new model is illustrated by its ability
to account, at least qualitatively, for hysteresis (Fig. 7B).
Prolonged eccentric ﬁxation allows time for the long TC
elements to lengthen (creep), and for the system to near
equilibrium (see Appendix A). In these circumstances,
the muscle force and neural command required for the
return saccade to primary position will depend on the
location of the prior ﬁxation. The command signals
illustrated in Fig. 7B resemble actual OMN ﬁring rates
shown in Fig. 2 of Goldstein and Robinson (1986).
The possibility that hysteresis might in principle be ex-
plained by long TC elements in the plant has been pre-
viously pointed out by Robinson (1981), though to
our knowledge the present four-element plant model is
the ﬁrst that has done so.
4.4.2. Models of eye-movement control
Although all models of eye-movement control would
seem to require an explicit description of the oculomotor
plant, there is one type of model for which it is especially
important. These are models of plant compensation, the
process whereby command signals that specify eye
velocity alone are translated to cope with the mechanics
of the plant. The nature of the translation depends en-
tirely on the nature of the plant. Thus, for a single
Voigt-element plant part of the velocity signal must pass
through an integrator (Skavenski & Robinson, 1973).
For a two-element plant, an additional slide term has
to be added (Goldstein & Robinson, 1984; Optican &
Miles, 1985). For the model derived here, a linear ﬁlter
with additional components is needed (cf. Fig. 7B).
Oculomotor plant compensation is carried out by
both the brainstem and the cerebellar ﬂocculus (Optican
& Miles, 1985; Optican, Zee, & Miles, 1986; Zee, Yama-
zaki, Butler, & Gu¨cer, 1981). As such, it is a relatively
well speciﬁed task with which to test general theories
of cerebellar function. For example, a mechanism has
been proposed whereby the ﬂocculus can learn to com-
pensate for complex plants with long TC elements
(Dean et al., 2002, Dean, Porrill, & Stone, 2004; Porrill,
S. Sklavos et al. / Vision Research 45 (2005) 1525–1542 1539Dean, & Stone, 2004). Comparing the predictions of
plant compensation models with experimental data,
such as Purkinje cell simple-spike ﬁring rates in the ﬂoc-
culus (Yamamoto, Kobayashi, Takemura, Kawano, &
Kawato, 2000, 2002), requires an accurate model of
the plant.4.5. Conclusions
The present ﬁndings suggest that the oculomotor
plant of lightly anaesthetised rhesus monkeys can be
modelled as four Voigt elements in series, with TCs of
about 0.01, 0.1, 1 and 10 s. The presence of long TC ele-
ments may help to explain features of OMN ﬁring such
as its frequency-dependency in smooth pursuit, and the
hysteresis observed at the primary position after prior,
prolonged, eccentric ﬁxation.
Further understanding of the primate oculomotor
plant requires quantitative assessment of the separate
contributions of its components, namely orbital tissue
and EOMs. A number of experimental approaches
could contribute to such an assessment, including mea-
surements of (i) the plant dynamics in deeply anaesthe-
tised animals with passive EOMs, (ii) the tendon force
in alert animals (Miller et al., 2002; Miller & Robins,
1992), and (iii) the dynamic behaviour of isolated
EOMs. These measurements are required for better
models of the plant, and hence of oculomotor control
in general, as was noted some time ago by Robinson
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A.1. Behaviour of Voigt elements in series
The equation of motion for a single Voigt element
(Fig. 1) is
F ¼ kxþ c dx
dt
ðA:1Þ
where F is the external force acting on the element, x is
its length (relative to resting length), dx/dt its velocity, k
its stiﬀness and c its viscosity. In a release experiment, an
external force pulls the element to length x0, and then is
abruptly removed (F = 0). Eq. (A.1) then becomes:c
dx
dt
¼ kx ðA:2Þ
which shows that the element shortens (indicated by
negative sign) with a velocity proportional to its exten-
sion. Solving Eq. (A.2) for x gives:
x ¼ x0ektc ¼ x0e tT ðA:3Þ
where T (=c/k) is the time constant of the element. For
Voigt elements in series, the absence of inertia means
that the force on each element is at all times equal to
the external force, so the equations for each individual
element are identical to those given above. Since element
lengths sum, Eq. (A.3) becomes:
x ¼ x1ð0Þe
k1 t
c1 þ    þ xið0Þe
kit
ci þ    þ xnð0Þe
knt
cn ðA:4Þ
where i refers to the ith of n elements, which has initial
length xi(0). The form of this equation is the same as
that of Eq. (1) in Section 2, with xi(0) equivalent to
the ith coeﬃcient Ai, and the ratio ci/ki equivalent
to the ith time constant Ti. These may also be referred
to as release or pole time constants.
If a series of Voigt elements is extended and held long
enough for the individual elements to reach equilibrium
(i.e., dxi/dt = 0), Eq. (A.1) gives:
F ¼ kixið0Þ
Thus xi(0) / 1/ki, so that for a system released from
equilibrium, the coeﬃcients Ai will be in the ratio of
the compliances of the corresponding Voigt elements.
If a system is released after a rapid displacement, equi-
librium will not be reached and the estimated compli-
ances of the short TC elements will be greater than
their true values.
A.2. Fitting method
Eye positions (x1, . . . ,xm) from a single trace at times
(t1, . . . , tm) are represented as a combination of n Voigt
elements with time constants Tj and initial lengths Aj
xi ¼
X
j
Aje
 tiT j þ ei
where ei are ﬁtting errors. This can be written as a matrix
equation by introducing column vectors x = (xi),
a = (Aj), e = (ei) and the m · n matrix E with elements
Eij ¼ eti=T j :
x ¼ Eaþ e
The estimate of a which minimises the sum square error
e2, as in multiple linear regression (Press et al., 1992), is
then given by
a^ ¼ E#x ¼ ðEtEÞ1Etx
and has ﬁtting error
e ¼ x Ea^
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set given time constants Tj is obtained by summing the
e2 for each individual trace for that animal.
The total error is then minimised over all the un-
known Tj to estimate the time constants. Positive time
constants can be guaranteed and improved convergence
obtained if the time constants are re-parameterised as
T j ¼ 1=w2j ; a standard minimisation routine (MAT-
LABTM fminunc) is used to minimise over the weights
wj. Note that it is straightforward to include traces of
diﬀerent lengths in this ﬁtting procedure.
A.3. Plant model
A convenient way to derive a plant model from esti-
mates of Voigt element time constants and stiﬀnesses is
to use Laplace transform to convert Eq. (A.1) to
F ðsÞ ¼ ðk þ csÞxðsÞ
where s is the Laplace complex frequency variable. For
the 4 element model:
xðsÞ ¼ x1ðsÞ þ x2ðsÞ þ x3ðsÞ þ x4ðsÞ
¼ F ðsÞ
k1 þ c1sþ
F ðsÞ
k2 þ c2sþ
F ðsÞ
k3 þ c3sþ
F ðsÞ
k4 þ c4s
The transfer function H(s) of the plant for input F to
angular eye position x is
HðsÞ ¼ xðsÞ
F ðsÞ
¼ 1
k1 þ c1sþ
1
k2 þ c2sþ
1
k3 þ c3sþ
1
k4 þ c4s
¼ a1
1þ sT 1 þ
a2
1þ sT 2 þ
a3
1þ sT 3 þ
a4
1þ sT 4 ðA:5Þ
where ai = 1/ki (see above), and Ti = ci/ki. The numerical
values for these terms in the model were the mean values
of the time constants and coeﬃcients (Fig. 5) for the three
animals. Substituting these values in Eq. (A.5) and facto-
rising into pole-zero form (e.g. by using the MATLAB
Control System toolbox) gives the plant transfer function
HðsÞ ¼ 3ð0:0612sþ 1Þð0:395sþ 1Þð7:04sþ 1Þð0:0115sþ 1Þð0:099sþ 1Þð0:455sþ 1Þð7:76sþ 1Þ
ðA:6Þ
where the coeﬃcients of s in the numerator are the zero
TCs of the system and those in the denominator are the
pole TCs. After a prolonged step input this system will
be in equilibrium (Eq. (A.4)). Abrupt removal of the in-
put then generates the behaviour illustrated in Fig. 7A.
To determine the input F required for a particular
eye-position trajectory x, the transfer function of Eq.
(A.5) is inverted
F ðsÞ ¼ xðsÞ
HðsÞThe desired eye position was derived from a saccadic
velocity proﬁle, represented by a Gaussian function with
standard deviation chosen to produce a saccadic dura-
tion of about 30 ms (Fig. 7B).
A.4. Model of orbital tissues and eye muscle
If the transfer function of the orbital tissue shown in
Fig. 8 is Horb(s), and that of the two muscles is Hm(s),
then the transfer function of the system as a whole
Hsys(s) is given by
H sysðsÞ ¼ 1 1HorbðsÞ þ
1
HmðsÞ
 
¼ HorbðsÞHmðsÞ
HorbðsÞ þ HmðsÞ ðA:7Þ
From Eq. (A.6), Horb(s) can be represented as
HorbðsÞ ¼ Gorbð1þ sT z1Þð1þ sT z2Þð1þ sT z3Þð1þ sT p1Þð1þ sT p2Þð1þ sT p3Þð1þ sT p4Þ
ðA:9Þ
where Gorb is a gain term, the Tz are the zero TCs, and
Tp the pole TCs. If the muscles can be approximated by
single Voigt elements, then the transfer function Hm(s)
for the two muscles in series is
HmðsÞ ¼ Gm
1þ sTm ðA:10Þ
where Tm is the muscle TC and Gm a gain term. Com-
bining Eqs. (A.9) and (A.10) gives
HorbðsÞHmðsÞ
¼ GorbGmð1þ sT z1Þð1þ sT z2Þð1þ sT z3Þð1þ sT p1Þð1þ sT p2Þð1þ sT p3Þð1þ sT p4Þð1þ sTmÞ
ðA:11Þ
HorbðsÞ þHmðsÞ
¼ Gorbð1þ sT z1Þð1þ sT z2Þð1þ sT z3Þð1þ sTmÞð1þ sT p1Þð1þ sT p2Þð1þ sT p3Þð1þ sT p4Þð1þ sTmÞ
þ Gmð1þ sT p1Þð1þ sT p2Þð1þ sT p3Þð1þ sT p4Þð1þ sT p1Þð1þ sT p2Þð1þ sT p3Þð1þ sT p4Þð1þ sTmÞ
ðA:12Þ
The ratio of the expressions (A.11) and (A.12) is the
transfer function for the system as a whole (Eq. (A.7)).
Since the denominators of the individual expressions
cancel out, the denominator of their ratio is the numer-
ator of Eq. (A.12), which is a 4th order polynomial in s.
Hence the number of poles in the system is 4, the same
as in the model for orbital tissue alone. Actual evalua-
tion of Hsys(s) was carried out using the MATLAB Con-
trol System toolbox. Parameter values for Horb were
those from Eq. (A.6) together with a gain term giving
overall stiﬀness of 0.45 gf/deg. Parameter values for
Hm were as described in the text.
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